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UncouplerWhile the 3T3-L1 adipocyte model is routinely used for the study of obesity and diabetes, the mitochondrial
respiratory proﬁle in normal versus high glucose has not been examined in detail. We matured adipocytes in
normal (5 mM) or high (30 mM) glucose and insulin and examined the mitochondrial bioenergetics. We also
assessed the requirement for the Unfolded Protein Response (UPR) and ER stress under these conditions. Basal
respiration was ~1.7-fold greater in adipocytes that had matured in 30 mM glucose; however, their ability to
increase oxygen consumption in response to stress was impaired. Adipogenesis proceeded in both normal and
high glucose with concomitant activation of the UPR, but only high glucose was associated with increased levels
of ER stress and mitochondrial stress as observed by parallel increases in CHOP and protein succination.
Treatment of adipocyteswith sodium phenylbutyrate relievedmitochondrial stress through a reduction inmito-
chondrial respiration. Our data suggests thatmitochondrial stress, protein succination and ER stress are uniquely
linked in adipocytes matured in high glucose.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Adipose tissue is composed of a network of cell types including
adipocytes andmacrophages that play a central role in themaintenance
of nutrient homeostasis and hormonal secretion [23,27]. Increased
adipose tissue mass during the development of type 2 diabetes is asso-
ciated with increased macrophage inﬁltration and hypertrophied adi-
pocytes that have compromised metabolic and endocrine functions.
We have identiﬁed a chemical modiﬁcation of proteins that appears to
increase selectively in adipose tissue during type 2 diabetes [29]. This
protein modiﬁcation, known as S-2-succinocysteine (2SC), is derived
from the irreversible reaction between theKrebs cyclemetabolite fuma-
rate and cysteine residues on proteins, and is also termed protein
succination [1,3,21]. Mechanistically, the increase in succination is relat-
ed to the nature of adipocyte metabolism; in the presence of nutrient
excess (glucotoxicity) the adipocyte producesmore ATP than is energet-
ically required and this leads to an increase in the mitochondrial mem-
brane potential (ΔΨm) and the NADH/NAD+ ratio [9]. Consequently,
the NAD+-dependent enzymes of the Krebs cycle are inhibited resulting
in an increase in fumarate and protein succination [9]. We have furthergy, Physiology & Neuroscience,
D16, 6439 Garners Ferry Road,
1 803 216 3538.
zell).conﬁrmed this by demonstrating that chemical uncouplers, which can
relieve the increased ΔΨm, are able to reduce mitochondrial stress and
the accumulation of succinated proteins [9]. We have identiﬁed ~40
succinated proteins in adipocytes ([20,21,26],) andwe have demonstrat-
ed that succination appears to impair protein function or regulation,
e.g. increased succination of adiponectin in the presence of high glucose
can reduce the polymerization and secretion of this adipokine [8].
Interestingly we have observed that several endoplasmic reticulum
(ER) proteins, including the oxidoreductase protein disulﬁde isomerase
(PDI), are succinated in the adipocyte during diabetes [21]. This may
be signiﬁcant considering that the unfolded protein response (UPR, a
response to the accumulation of misfolded proteins) and ER stress
develop in 3T3-L1 adipocytes grown in 30 mM glucose [2,14]. ER stress
has also been documented in the adipose tissue of diet induced obese
(DIO) [17], ob/ob [25], db/db mice [16] and in the adipose tissue of
obese insulin-resistant humans [4,11]. However, although these studies
document the presence of ER stress in diabetes, the direct initiator of
adipocyte ER stress remains to be elucidated. We propose that increased
succination of proteins may contribute to the accumulation of misfolded
proteins and that this links mitochondrial stress to ER stress. We investi-
gated the effect of sodiumphenylbutyrate (PBA), an agent that reduces ER
stress in adipocytes [2,25], to determine if this compound may also be
acting on the mitochondria and potentially limiting protein succination
and ER stress in a different manner.
The3T3-L1 adipocytemodel is awidely acceptedmodel for the study
of adipocyte function in obesity and diabetes. These studies are often
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as many cell lines are commonly maintained under these conditions.
However, recent reports have documented that extracellular glucose
concentrations have a signiﬁcant impact on the measurement of mito-
chondrial bioenergetics [30] and this is of importance for experimental
conditions examiningmitochondrial function in diabetes.While several
studies have examined adipocytes cultured in both 5mM (normal) and
25–30 mM (high) glucose [10,12,18] the majority of published studies
with 3T3-L1 adipocytes appear to be conducted in high glucose medi-
um. We have previously demonstrated that the levels of protein
succination are dependent on the glucose concentration; 2SC is in-
creased in a concentration dependent manner in adipocytes cultured
in 10–30 mM glucose [12]. In this study, we examined the impact of
glucose and insulin concentrations on mitochondrial bioenergetics,
markers of ER stress and protein succination in adipocytes. Our data
highlights the role ofmitochondrial stress and ER stress in the adipocyte
as a function of nutrient conditions. In addition, we demonstrate that
PBA alters mitochondrial bioenergetics in the adipocyte duringmatura-
tion in high glucose medium.
2. Materials and methods
2.1. Chemicals
Unless otherwise noted, all chemicals were purchased from Sigma/
Aldrich Chemical Co (St. Louis, MO & Milwaukee, WI). DNA extraction
solvents were from Life Technologies (Grand Island, NY). Criterion
polyacrylamide gels and Precision Plus protein ladder were purchased
from BioRad Laboratories (Richmond, CA). PVDF membrane and ECL
Plus chemiluminescent substratewere fromGEHealthcare (Piscataway,
NJ). Pierce® ECL 2 Western Blotting Substrate was from Thermo Scien-
tiﬁc (Rockford, IL). Sodium phenylbutyrate (PBA) was from Enzo Life
Sciences. Saturated phenol and phenol/chloroform/isoamyl alcohol
were from Life Technologies (Grand Island, NY). The synthesis of
2-succinocysteamine (2SCEA) and preparation of polyclonal anti-2SC
antibody have been described previously [21].
2.2. 3T3-L1 adipocyte culture
Murine 3T3-L1 ﬁbroblasts were obtained from American Type Cell
Culture (Manassas, VA). Conﬂuent monolayers were differentiated
into adipocytes in DMEM containing 255 nM dexamethasone, 500 μM
IBMX and 160 μM insulin as described previously [21]. After differenti-
ation, the adipocytes were matured in DMEM containing either 5 mM
glucose and 0.3 nM insulin or 30 mM glucose and 3 nM insulin. Cells
cultured in 5 mM glucose were supplemented with 5 mM glucose
daily and several hours prior to protein harvest to maintain glucose
levels. Cells were harvested in 500 μl radioimmunoprecipitation assay
(RIPA) lysis buffer (50mMTris–HCl, 150mMNaCl, 1 mM EDTA, 1% Tri-
ton X-100, 0.1% SDS, 0.5% sodiumdeoxycholate, pH 7.4, 2mMethylene-
diaminetetraacetic acid (EDTA), 2 mM sodium ﬂuoride, 2 mM sodium
orthovanadate, and protease inhibitors). The cell lysate was pulse
sonicated at 2 W RMS using a Model 100 sonic dismembrator (Fisher
Scientiﬁc, Fair Lawn, NJ) for 3 s 3 times each. The proteinwas precipitat-
edwith 9 volumes of cold acetone for 10min on ice. After centrifugation
at 2000 ×g for 10min and removal of the acetone the protein pellet was
resuspended in RIPA buffer. The protein content was determined by the
Lowry assay [19].
2.3. Western immunoblotting
Western blottingwas performed using the Bio-RadCriterion System.
Proteins were resolved on Criterion TGX gels at 200 V for 1 h and trans-
ferred to PVDF membranes at 40 mA overnight or 250 mA for 100 min.
Detection of protein succinationwas performed as previously described
using a polyclonal anti-2SC antibody [21]. Antibodies for PPARγ, cleavedcaspase 3, GAPDH, eIF2α, p-eIF2α, succinate dehydrogenase (SDHA),
fumarase, PDI, calreticulin, and Ero1-Lα were from Cell Signaling
Technologies (Danvers, MA). NDUFS4 was from Abcam (Cambridge,
MA). β-tubulin and Grp78 were from Santa Cruz Biotech (Dallas, TX).
Monoclonal anti-CHOP was from Thermo Fisher Scientiﬁc (Waltham,
MA). Anti-adiponectin was from R&D systems (Minneapolis, MN).
Chemiluminescent signalswere captured onphotographicﬁlm (Denville
Scientiﬁc, Metuchen, NJ). Image J software (NIH) was used to quantify
band intensity by densitometry.
2.4. Measurement of oxygen consumption rate (OCR)
Murine 3T3-L1 ﬁbroblasts were seeded on V7 cell culture micro-
plates coated with 0.2% gelatin at a density of 10,000 cells/well. After
72 h, the cells were differentiated and matured as described in
Section 2.2. The Seahorse extracellular ﬂux analyzer 24 XF-24 was
used tomeasure the oxygen consumption rate (OCR). XF AssayMedium
was supplementedwith 1mMsodiumpyruvate and the glucose and in-
sulin concentrations described above. Aftermeasurement of basal respi-
ration, oligomycin (5 μg/mL), carbonyl cyanide 4-(triﬂuoromethoxy)
phenylhydrazone (FCCP) (1.25 μM), and rotenone/antimycin A (3 μM/
4 μM) were added sequentially to determine ATP production/proton
leak, spare respiratory capacity and non-mitochondrial respiration.
After completion of the assay, the medium was removed and the cells
were washed 3 times with cold PBS. The plate was stored at −70 °C
prior to the measurement of the total DNA content using the CyQuant®
Assay (Invitrogen, Grand Island, NY).
2.5. Measurement of mitochondrial membrane potential
Mitochondrial membrane potential (ΔΨm) was measured using
the ﬂuorescent potentiometric dye 5,5′,6,6′-tetra-chloro-1,1′,3,3′-
tetraethylbenzimidazolyl-carbocyanine iodide (JC-1) (Molecular
Probes, Eugene, OR). Brieﬂy, 3T3-L1 adipocytes were cultured in 24-
well plates and treatments in maturation medium were continued for
2 days, which was the optimal time point for measurement of ΔΨm.
After 2 days in various treatments, the cells were incubated with
10 μg/ml JC-1 dye for 20 min at 37 °C. The cells were then washed
and resuspended in 200 μl PBS and JC-1 ﬂuorescence was measured
on a Tecan Saﬁre 2 microplate reader (Tecan, Zurich, Switzerland).
The ﬂuorescence of the JC-1 monomer was measured at 485 nm
excitation/535 nm emission and the ﬂuorescence of the JC-1 aggregate
was measured at 550 nm excitation/600 nm emission. The aggregate/
monomer ratios (600/535) were used to assess ΔΨm. Cells treated
with 10 μMCCCPwere used as a positive control to demonstrate partial
depolarization of the mitochondrial membrane.
2.6. Measurement of triglycerides, glucose, and inﬂammatory markers
Triglyceride content was measured in 10 μl aliquots of cell lysates
using the InﬁnityTM Triglycerides assay kit (Thermo Fisher Scientiﬁc,
Waltham, MA), according to the manufacturer's instructions. Glucose
concentration was measured in phenol red free medium using the
Amplex® Red Glucose/Glucose Oxidase Assay kit (Invitrogen, Grand
Island, NY). The media on 3T3-L1 adipocytes was replaced with serum-
free DMEM for 18 h prior to collection of the media. Pro-inﬂammatory
cytokines in the conditioned media were analyzed by ELISA according
to the manufacturer's instructions (Mouse Obesity ELISA, Signosis,
Santa Clara, CA).
2.7. Mitochondrial DNA isolation and content analysis
Cell lysateswere collected in 500 μL PBS and centrifuged at 2000 rpm
for 5 min to yield a pellet which was resuspended in 350 μL DNA lysis
buffer (10 mM Tris–HCl, pH 7.5, 400 mM NaCl, 2.5 mM EDTA, and
0.1% SDS) and 50 μL of 50 mg/mL proteinase K and heated at 55 °C
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extracted in a 1:1 ratio of lysis buffer:saturated phenol, pH 7.9. The sam-
ples were then centrifuged at 10,000 ×g for 5 min, the supernatant was
collected and extracted in a 1:1 ratio, supernatant:phenol/chloroform/
isoamyl alcohol (25:24:1), pH 7.9 and centrifuged at 10,000 ×g for
5 min. The supernatant was collected and the DNA was precipitated
with 350 μL 100% ethanol and 35 μL of 3 M sodium acetate, pH 5.2,
and collected by centrifugation at 10,000 ×g for 2 min. The DNA pellet
was washed with 70% ethanol, dried, and then resuspended in 100 μL
water. Quantitative real-time PCR analysis was carried out in 25 μl reac-
tions consisting of 2× SYBR green PCR buffer (AmpliTaq Gold DNA Poly-
merase, Buffer, dNTP mix, MgCl2) (Applied Biosystems, Foster City, CA,
USA), 0.150 μg DNA, molecular grade water, and 60 nM of each primer.
The primer sequences were: Cytochrome B Forward, 5′-ATT CCT TCA
TGT CGG ACG AG-3′; Cytochrome B Reverse, 5′-ACT GAG AAG CCC
CCT CAA AT-3′, GAPDH Forward, 5′-TTG GGT TGT ACA TCC AAG CA-3′;
GAPDH Reverse, 5′-CAA GAA ACA GGG GAG CTG AG-3′. The samples
were analyzed on an ABI 7300 Sequence Detection System. Reactions
were incubated for 2 min at 50 °C and 10 min at 95 °C, followed by
40 cycles consisting of a 15 s denaturing step at 95 °C and 1min anneal-
ing/extending step at 60 °C. Data were analyzed using ABI software
(Applied Biosystems, Foster City, CA, USA), using the cycle threshold
(CT), which is the cycle number at which the ﬂuorescence emission is
midway between detection and saturation of the reaction. The 2−Δ CT
method was used to determine changes in gene expression between
Cytochrome B with GAPDH CT as the correction factor.
2.8. Data analysis
All graphswere generated in Sigmaplot 11. Statistical analyses of the
data were performed on SigmaStat software (Sigmaplot 11, San Jose,
CA). All data were plotted as means ± SEM and the data was analyzed
using Student's t test or a one-way ANOVA. One-way Analysis of
Variance on Ranks was performed when the data was not normally
distributed. Tukey's post-hoc and Kruskal–Wallis were used as
appropriate. Differences were considered statistically signiﬁcant at
*p b 0.05, **p b 0.01 and ***p b 0.001.
3. Results
3.1. Oxygen consumption rate (OCR) is increased in adipocytes matured in
high glucose medium
The respiratory proﬁle of 3T3-L1 adipocytesmatured in high glucose
(30 mM) conditions has been described previously [7], however, theseFig. 1. Bioenergetic proﬁle of 3T3-L1 adipocytesmatured in 5mM and 30mMglucose. (A) The
squares) was measured after 2 days maturation using the Seahorse XF analyzer as described in
compounds at the indicated arrows to assessmitochondrial function. (B) Basal respiration (Basa
proton leak (H+ leak), and non-mitochondrial respiration (NMR) were measured following the
are representative of n = 4 measurements expressed as means ± S.E., **p b 0.01 and ***p b 0.conditions correspond to a hyperglycemic, hyperinsulinemic envi-
ronment and are not appropriate ‘control’ conditions for the study
of normal adipocyte respiration. The Seahorse XF analyzer was
used to contrast the oxygen consumption rate (OCR) of adipocytes
after 2 days of maturation (M2) in either 5 mM or 30 mM glucose.
The glucose/insulin concentrations were 5 mM/0.3 nM and 30 mM/
3 nM to reﬂect normal conditions and a hyperglycemic/hyperinsulinemic
state, respectively. A representative trace is shown in Fig. 1A, illus-
trating the basal OCR of adipocytes followed by ATP synthase inhibi-
tion (oligomycin, O), mitochondrial membrane depolarization using
triﬂuorocarbonylcyanide phenylhydrazone (FCCP) (F) and complex
I/complex III inhibition using rotenone/antimycin A, (R/A) as denoted
by the arrows. There was ~1.7-fold increase in the basal respiration
and ~1.8-fold increase in oxygen consumption coupled to ATP syn-
thesis in adipocytes grown in high glucose (gray bars) vs. normal
glucose (black bars) (***p b 0.001, Fig. 1B). Proton leak and non-
mitochondrial respiration (NMR) were also signiﬁcantly increased in
high glucose (Fig. 1B). However, the spare respiratory capacity (SRC),
a measure of the cellular capacity to increasemitochondrial respiration,
was ~2.4-fold lower in high glucose vs. normal glucose (***p b 0.001,
Fig. 1B).
3.2. The effects of glucose concentration on the unfolded protein response
(UPR), ER stress and adipogenesis
Several studies have described ER stress as a requirement for 3T3-L1
ﬁbroblasts undergoing differentiation into adipocytes in high glucose
and high insulin conditions [2,14]. To determine if high glucose was
responsible for the UPR/ER stress response as adipogenesis progressed,
we conducted adipocyte maturation in normal or high glucose/insulin
and assessed several markers of differentiation and ER stress. The pro-
duction of adiponectin and PPARγ conﬁrmed that the 3T3-L1ﬁbroblasts
had differentiated and matured into adipocytes in both 5 mM and
30 mM glucose during the 11 day time course (3 days differentiation
in 30 mM glucose followed by a subsequent 8 days in 5 mM or 30 mM
glucose maturation medium). Notably, adipocytes matured in 30 mM
glucose had decreased total intracellular adiponectin levels versus
those cultured in 5 mM glucose towards the end of maturation (M7
and M8) (Fig. 2A & B, lanes 16–23). Markers of the UPR and ER stress
were up-regulated in adipocytes as they begin maturation in both
normal and high glucose. The UPRmarker GRP 78 increased through-
out maturation in normal and high glucose, with a peak level occur-
ring in 5 mM glucose at M5 (Fig. 2D). PDI, Ero1-Lα and p-eIF2α
increased most during days M1-5 of maturation and declined there-
after until dayM8 (M1-M8, Fig. 2A & C, lanes 4–23), but did not differrespiratory proﬁle of adipocytes matured in 5 mM (black squares) or 30mM glucose (gray
the Materials and methods. A blank injection (Blank) was performed prior to addition of
l), oxygen consumption coupled to ATP production (ATP), spare respiratory capacity (SRC),
addition of oligomycin (O), FCCP (F), and rotenone/Antimycin A (R/A) respectively. Data
001 for 30 mM glucose vs. 5 mM glucose.
Fig. 2. Activation of the UPR is required for adipogenesis in both normal and high glucose conditions; CHOP levels are sustained only in high glucose. (A) Time course of ER stress and
adipogenic proteins in adipocytes cultured normal (5 mM) or high (30 mM) glucose. Total cell lysates (20 μg protein) from adipocytes harvested at the indicated time points were sep-
arated by 1-D PAGE. Adipogenic proteins and ER stress markers were detected as described in the Materials and methods. F indicates ﬁbroblasts, D represent cells undergoing differenti-
ation and M represents the maturation period in either 5 mM or 30 mM glucose. A representative Coomassie staining is shown as a loading control. Duplicate lanes are representative of
n=6 experiments. (B–E)Densitometric quantiﬁcation of protein bands for select UPR/ER stressmarkers in 5 vs. 30mMglucose. (F–H) Secreted levels of pro-inﬂammatory cytokineswere
measured by a mouse obesity ELISA as described in the Materials and methods. Data are representative of n = 4 measurements. Data is expressed as means ± S.E., **p b 0.01 and
***p b 0.001 for 30 mM glucose vs. 5 mM glucose.
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the UPR is a normal component of adipogenesis. Concomitant with
a decrease in p-eIF2α levels, there was a pronounced increase
in CHOP, a terminal marker of ER stress, but only in adipocytes
matured in 30 mM glucose (Fig. 2A & E). Consistent with previous
results [8,21], protein succination increases in adipocytes matured
in 30 mM glucose for up to 8 days (M2-M8, lanes 8–23) and interest-
ingly appears to increase in parallel with CHOP levels (Fig. 2A). In
addition to the observed decrease in intracellular adiponectin, the
adipocytes matured in 30 mM glucose secreted increased levels
of pro-inﬂammatory cytokines including TNFα, VEGF and MCP-1
(Fig. 2F–G). Taken together, these results conﬁrm that increased pro-
tein succination occurs in parallel with increased ER stress (CHOP),
decreased adiponectin production and elevated pro-inﬂammatory
cytokine production when adipocytes are matured in high glucose
concentrations.
Recent work has suggested that insulin alone is sufﬁcient to in-
crease ER stress in adipocytes and adipose tissue [5]. Considering
that our 5 mM glucose adipocytes are cultured in 0.3 nM insulin
and our 30 mM glucose adipocytes are cultured in 3 nM insulin we
investigated if the increase in CHOP we observed was due to either
the glucotoxicity or the high insulin concentration. To do this we
examined ER stress and protein succination in both glucose concen-
trations in the presence or absence of added insulin. As observed in
Fig. 3, the addition of insulin leads to increased protein succination
in adipocytes matured in 30 mM glucose (lanes 7–12) and has no
effect on the levels of protein succination in adipocytes matured in
5 mM glucose (lanes 1–6). Therefore it appears that combined
glucotoxicity and elevated insulin are required to observe an in-
crease in 2SC, a biomarker of mitochondrial stress. Grp78 levels
were measured to assess activation of the UPR and demonstrated
that insulin leads to the induction of the UPR (Fig. 3, lanes 1–3 vs.
4–6 or lanes 7–9 vs. 10–12), independent of glucose concentration.
We then measured CHOP levels and observed a pronounced increase
in CHOP in 30 mM glucose in the presence of insulin. However, CHOP
was unchanged in 5 mM glucose with or without insulin, indicating
that the high glucose is required for ER stress in this model. We
also performed a parallel experiment in which the cells had the insulin
removed in a washout and were then treated with insulin for 7 h prior
to harvest. Consistent with the above observations, there was an
increase in CHOP levels in 30 mM glucose that was not present inFig. 3. Insulin induces the UPR while glucotoxicity increases succination and ER stress.
Adipocyteswerematured in either 5mMor 30mMglucose in the absence (0) or presence
of 10 nM insulin (10). 20 μg of protein was separated by 1-D PAGE and immunoblotting
was performed to detect 2SC-modiﬁed proteins, Grp78, CHOP and β-tubulin as described
in Materials and methods. Data is representative of n = 3 experiments.adipocytesmatured in 5mMglucose in the presence or absence of insu-
lin (data not shown).3.3. Sodium phenylbutyrate (PBA) reduces protein succination and
mitochondrial membrane potential in adipocytes matured in high glucose
Protein succination in the adipocyte is increased due to glucotoxicity
driven mitochondrial stress, and we have previously demonstrated
that this can be reduced after treatment with chemical uncouplers
of oxidative phosphorylation e.g. dinitrophenol and salicylic acid
(SA) [9]. We hypothesized that the phenolic compound PBA may
be able to cross the mitochondrial membrane carrying a proton,
thereby acting as a weaker uncoupler similar to salicylic acid [22].
Considering that PBA has been shown to lower ER stress in 3T3-L1
adipocytes matured in high glucose [2], we speculated that it may
do this indirectly by lowering mitochondrial stress and protein
succination. As shown in Fig. 4A, adipocytes matured in high glucose
have increased levels of 2SC compared to adipocytes matured in nor-
mal glucose for 8 days. When adipocytes are treated with 1 mM PBA
for 8 days, the levels of protein succination are signiﬁcantly reducedFig. 4. PBA reduces protein succination and the mitochondrial membrane potential.
(A) Adipocytes were matured in 5 mM or 30 mM glucose with or without the addition
of 1 mM PBA for 8 days. 30 μg of protein was separated by 1-D PAGE and the immunoblot
was probed with anti-2SC to detect protein succination. The triplicate lanes are represen-
tative of n = 6 experiments. (B) The mitochondrial membrane potential (ΔΨm) was
measured for adipocytes matured in 5 mM glucose (black bar), 30 mM glucose, 30 mM
glucose +10 μM carbonyl cyanide m-chloro phenyl hydrazone (CCCP) or 30 mM
glucose +1 mM PBA for 2 days (gray bars) using the dye JC-1. The ﬂuorescence was
measured at Ex/Em 550/600 nm and Ex/Em 485/535 nm, as described in Materials
and methods. The ΔΨm is expressed as a ratio of the ﬂuorescence at 600/535 nm.
Data are representative of n = 4 measurements expressed as mean ± S.E.,
***p b 0.001 for 30 mM glucose vs. 30 mM + CCCP or PBA.
218 R.M. Tanis et al. / Biochimica et Biophysica Acta 1853 (2015) 213–221in adipocytes matured in high glucose and unchanged in normal
glucose (Fig. 4A). PBA treatment of adipocytes in 30 mM glucose
signiﬁcantly reduced the mitochondrial membrane potential ΔΨm
(***p b 0.001) compared to untreated adipocytes (Fig. 4B). CCCP served
as a positive control to lower theΔΨm (***p b 0.001). These results sug-
gested that PBA was acting to lower mitochondrial stress within the
adipocyte.Fig. 5. PBA inhibits adipocyte maturation and glucose uptake. (A) Adipocytes were
matured in 5 mM glucose or 30 mM glucose with or without 1 mM PBA added for
2 days. 30 μg total cell lysatewas separated by 1-D PAGE and the immunoblot was probed
with anti-PPARγ. Triplicate data is representative of n = 3 experiments. (B) Adipocytes
cultured in 30 mM glucose were treated with 0.5–5 mM PBA on days 0–2 or (C) days 0–
8 of maturation and triglyceride content was measured as described in the Materials
and methods. (D) The medium was collected after 2 days from adipocytes matured in
30 mM glucose +0.5–5 mM PBA and the extracellular glucose concentration was mea-
sured as described in the Materials and methods. The results are expressed as mean ±
SE, n = 4, ⁎⁎⁎p b 0.001 for 30 mM glucose vs. 30 mM glucose + PBA.3.4. PBA inhibits adipogenesis and lowers mitochondrial respiration
in adipocytes
PBA has been documented to relieve ER stress and also inhibit adipo-
genesis in vitro [2]. To replicate these ﬁndings we also measured and
observed a signiﬁcant reduction in PPAR gamma, the master regulator
of adipogenesis, after treatment with 1 mM PBA (Fig. 5A). In addition,
the adipocyte triglyceride content was decreased in a dose dependent
manner after 2 and 8 days of PBA treatment versus 30 mM glucose
alone (Fig. 5B& C).We then quantiﬁed the extracellular glucose concen-
trations in order to determine if PBA altered glucose uptake into the
adipocyte and observed that there was a signiﬁcant increase in glucose
remaining in the medium after 2 days of treatment with 1 mM PBA
(Fig. 5D).
The reduction in ΔΨm observed after PBA treatment (Fig. 4B) sup-
ported our hypothesis that PBAmay be acting as a mitochondrial depo-
larization agent. Using the Seahorse XF 24 analyzer, we compared the
ability of PBA to decrease the ΔΨm and subsequently increase the OCR
versus the strong uncoupler FCCP (F) or the mild uncoupler salicylic
acid (SA) [9]. FCCP uncoupled oxidative phosphorylation at previously
titered micromolar concentrations, as demonstrated by the rapid in-
crease in the OCR (Fig. 6A, black/solid triangles). We have previously
shown that SA reduces both the ΔΨm and the levels of 2SC-modiﬁed
proteins in adipocytes matured in high glucose [9]. Here, we conﬁrmed
that SA is acting as a mild uncoupler as increasing concentrations of SA
depolarized the inner mitochondrial membrane leading to successive
increases in the OCR (open circles, Fig. 6A, arrows denote addition of
SA). In contrast, increasing concentrations of PBA (Fig. 6A, closed circles,
arrows denote addition of PBA) did not appear to increase the OCR
above the basal rate (Fig. 6A & B), although a marginal increase was
statistically signiﬁcant upon addition of 10 mMPBA (Fig. 6B). However,
additional experiments with 10 mM PBA for longer time periods indi-
cated that it reduced cell viability, therefore we used only 1 mM and
5 mM PBA for further experiments. As the affects after acute PBA treat-
ment were minimal we next examined the OCR after treatment with
1 mM or 5 mM PBA for 2 days. Interestingly, the basal OCR was signiﬁ-
cantly reduced in adipocytes matured in 30 mM glucose treated with
both 1 mM and 5mM PBA (open triangles vs. open circles, closed trian-
gles vs. open circles Fig. 6C, striped and checked bars vs. gray bars, basal
respiration, Fig. 6D, ***p b 0.001). Compared to adipocytes matured in
high glucose alone, ATP synthesis coupled to oxygen consumption,
proton leak and NMR all tended to be reduced with 1 mM and 5 mM
PBA treatment (Fig. 6D). Proton leak was signiﬁcantly reduced by
1 mM and 5 mM PBA treatment compared to adipocytes matured in
30 mM glucose. Notably, the 1 mM PBA treated adipocytes had an
improved response to uncoupling by FCCP whereas the 5 mM PBA
treated adipocyteswere unable to respond tomembrane depolarization
(Fig. 6C & D).
3.5. PBA reduces mitochondrial protein content
PBA treatment reduced the levels of both adiponectin and PPARγ in
the adipocytes, although the effects were muchmore pronounced with
5 mM PBA, conﬁrming that elevated PBA concentrations do inhibit
adipogenesis (Fig. 7A). PBA treatment lowered UPR markers as noted
by reductions in calreticulin, PDI and p-eIF2α levels, particularly with
5 mM PBA. Unexpectedly, CHOP levels were signiﬁcantly increased
after 2 days maturation in the presence of PBA and cleaved caspase-3,
a marker of ER stress-induced apoptosis, was increased with 5 mM
PBA treatment (Fig. 7A). Although there was no signiﬁcant reduction
in cell viability at 8 days (data not shown) it is clear that elevated PBA
concentrations appear to initiate apoptosis after 8 days. Although PBA
treatment did not reduce the mitochondrial DNA copy number
(Fig. 7B) there were reductions in the levels of several mitochondrial
proteins including succinate dehydrogenase (SDHA) and NDUFS4, a
component of complex I, versus the 30 mM glucose controls (Fig. 7A).
Fig. 6. PBA reduces mitochondrial respiration in 30 mM glucose cultured adipocytes. (A) Mitochondrial oxygen consumption was measured after the addition of PBA to determine if it
could act as an uncoupler of mitochondrial respiration. FCCP (1.25 μM, black triangle) served as a positive control and was injected once as indicated by the ﬁrst arrow. PBAwas injected
on 3 occasions (closed circles) at the concentrations 1 mM, 5 mM and 10 mM as indicated by the arrows. Salicylic acid (SA) was added to another series of wells to compare PBA to the
effects of a knownmild-uncoupler (open circles). SA was injected into the wells on 3 occasions at concentrations of 1 mM, 2 mM and 5 mM, as indicated by the arrows. (B) Fold-change
increase in the basal oxygen consumption rate after the cumulative concentrations of thedrugswere added, ⁎⁎⁎p b 0.001 for 5mMglucose vs. FCCP, SA and PBA. (C) The respiratory proﬁle
of adipocytes cultured in 5mMand 30mMglucose or, 30mMglucosewith either 1mMor 5mMPBA treatment on days 0–2 ofmaturationwasmeasured as described in theMaterials and
methods. Drugs (oligomycin (O), FCCP (F), and rotenone/Antimycin A (R/A)) were added at the indicated arrows to assess mitochondrial function. (D) Fold change for themeasurements
of basal respiration (Basal), oxygen consumption coupled to ATP production (ATP), spare respiratory capacity (SRC), proton leak (H+ leak), and non-mitochondrial respiration
(NMR) obtained in (C). Data are representative of n = 4 measurements for all experiments and are expressed as means ± S.E., **p b 0.01 and ***p b 0.001 for 30 mM glucose vs.
30 mM glucose + PBA.
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levels of some mitochondrial proteins.
4. Discussion
The differentiation of 3T3-L1 ﬁbroblasts into adipocytes has been
extensively studied [28]. The maturation of the adipocytes most
commonly occurs in 25 mM (~450 mg/dL) glucose and insulin concen-
tration ranging from 10 to1700 nmol/L [5,7], well beyond the physio-
logical range. In this study we compared adipocytes matured in 5 mM
glucose/0.3 nM insulin or 30mMglucose/3 nM insulin to reﬂect normal
conditions and poorly controlled diabetes, respectively. We examined
the respiratory proﬁle of adipocytes that had matured in 5 mM or
30 mM glucose for 2 days (after a 3 day differentiation period) and
observed that the cells cultured in 30 mM glucose had a ~1.7-fold
increase in the basal respiration rate (Fig. 1A & B). In contrast, the
spare respiratory capacity, a measure of the mitochondrial capability
to respond to increased ATP demand, was ~2.4-fold lower in high
glucose versus normal glucose cultured adipocytes. These data indi-
cate that cells cultured in high glucose conditions are already respir-
ing close to their maximal capacity and are not optimal for use as
‘healthy’ controls for normal adipocyte function. It has been sug-
gested that 3T3-L1 adipocytes predominantly consume oxygen in
non-mitochondrial pathways [13], however, our OCR measurements
allowed us to assess bothmitochondrial and non-mitochondrial oxygen
consumption as they included a ﬁnal rotenone/antimycin A inhibition
of Complex I/III (effectively inhibiting mitochondrial respiration).
Our data demonstrates that non-mitochondrial respiration accountsfor ~22% of the OCR in high glucose (Fig. 1A). This indicates that
while non-mitochondrial respiration is signiﬁcant, it is not the major
source of oxygen consumption in the 3T3-L1 adipocyte. Oxygen con-
sumption coupled to ATP production was increased in high glucose
(Fig. 1B, ATP), conﬁrming our previous observations of an increased
ATP/ADP ratio in adipocytes cultured in 30 mM glucose [9]. Ultimately,
this high rate of ATP production contributes to partial electron transport
chain inhibition via respiratory control in these cells leading to an
increase in NADH and fumarate levels [9]. Recently, Valsecchi et al.
highlighted the importance of glucose concentration for the study of
mitochondrial (dys)function, noting that primary cultures maintained
in the presence of high glucose may suppress or mask differences in
reactive oxygen species (ROS) measurements. In addition, immortal-
ized cell lines that are frequently used to study mitochondrial function
in high glucose have a high glycolytic activity, rather than a dependence
on mitochondrial metabolism [30].
In addition to the effects of glucose on mitochondrial metabolism in
diabetes, insulin concentrations can also have varying effects on intra-
cellular signaling pathways. Boden et al. have described increases in
UPR and ER stress markers in human subjects after the infusion of insu-
lin [5]. We performed this experiment in 3T3-L1 adipocytes and found
that insulin induced the UPR in both normal and high glucose, but
only high glucose and high insulin combined led to ER stress and an in-
crease in the levels of CHOP (Fig. 3). A combination of high glucose and
high insulin was also required to detect maximal protein succination.
Overall, our results highlight the importance of both glucose and insulin
conditions for the study ofmitochondrial bioenergetics in the context of
diabetes research. The markedly different respiratory proﬁle between
Fig. 7. PBA reduces ER stress and inhibits adipogenesis. (A) Adipocytes were matured in 5 mM glucose, 30 mM glucose or 30 mM glucose+1mM or 5 mM PBA for 2 days. 20 μg protein
from cell lysates was separated by 1-D PAGE and immunoblotting was performed to detect markers of adipogenesis, UPR/ER stress and mitochondrial metabolism as described in the
Materials and methods. The data shown are representative of n = 6 experiments. (B) Mitochondrial content as determined by the mitochondrial:nuclear DNA ratio. The data are repre-
sentative of n = 5 experiments.
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impact additional intracellular signaling pathways.
Activation of the Unfolded Protein Response (UPR) and ER stress
have been described as requirements for adipogenesis when cells are
cultured in high glucose medium [2,14]. We investigated if this was
unique to cells cultured in high glucose or if the UPR was still increased
when cells were cultured in normal (5 mM) glucose. As shown in
Fig. 2A, both adipocytes cultured in normal or high glucose proceed
through differentiation (D) and maturation (M) normally as indicated
by the signiﬁcant increase in PPARγ and adiponectin. Several markers
of the UPR including GRP78, PDI and p-e. IF 2αwere increased, indicat-
ing that UPR activation is a normal component of 3T3-L1 adipogenesis,
irrespective of the glucose concentration. Although there were subtle
changes in UPR markers between 5 mM and 30 mM glucose at various
time points, these changes were not signiﬁcant (Fig. 2A–E) but CHOP,
a terminalmarker of ER stress, was signiﬁcantly increased asmaturation
progressed and this was sustained only in 30 mM glucose (Fig. 2A,
M2-M8). Interestingly, as CHOP levels increased in 30 mM glucose
this occurred in parallel with an increase in protein succination, a
biomarker of mitochondrial stress (Fig. 2A, anti-2SC). The increase in
CHOP and succinated proteins corresponded to a decrease in total
adiponectin levels at days M7–M8 in 30 mM vs. 5 mM glucose
(Fig. 2A) and was also associated with an increase in the release of the
pro-inﬂammatory markers TNF-α, MCP-1 and VEGF into the medium
(Fig. 2F–H). Taken together, this data conﬁrms that UPR activation isa normal aspect of 3T3-L1 adipogenesis and activation; however
the sustained increase in CHOP observed in parallel with protein
succination indicates that both ER stress and mitochondrial stress
occur simultaneously in the high glucose culture conditions. These ob-
servations also corresponded with an increased secretion of pro-
inﬂammatory molecules, linking mitochondrial stress with the demise
of the healthy adipocyte.
Protein succination is a biomarker of adipocyte dysfunction and
increases as a consequence of mitochondrial stress. The increase in fu-
marate is associated with an increased ATP/ADP ratio, elevated ΔΨm
and increased NADH/NAD+ and this can be reduced after treatment
with CCCP, a mitochondrial depolarization agent [9]. To further deter-
mine if mitochondrial stress and ER stress were linked we treated
adipocytes with 1 mM sodium phenylbutyrate (PBA) and observed a
signiﬁcant reduction in succination and also the ΔΨm (Fig. 4). We
hypothesized that PBA may be acting as a depolarization agent, given
that there was a reduction in the ΔΨm upon treatment of adipocytes
in 30 mM glucose with PBA (Fig. 4B). In contrast to known uncouplers
such as FCCP and salicylic acid (SA), we did not observe an increase in
theOCRwith 1mMor 5mMPBA (Fig. 6A) indicating that PBA is not act-
ing acutely as anuncoupler. Although 10mMPBA led to a small increase
in OCR we later determined that this concentration was toxic to cells
and diminished viability in culture. When the adipocytes were instead
treated with 1 mM or 5 mM PBA for 2 days, we noted a decrease in
the basal OCR and ATP production coupled to oxygen consumption,
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tion,we also observed a reduction in themitochondrial protein content as
noted by a decrease in SDHA andNDUFS4, but therewas no change in the
mitochondrial DNA copy number (Fig. 7A & B). We observed that PBA
reduced adipocyte glucose uptake (Fig. 5D), suggesting that overall the
OCR is lower due to decreased metabolic ﬂux coupled with selective
reductions in mitochondrial protein content (Fig. 6D). This is in contrast
to in vivo studies using ob/ob mice where PBA was shown to reduce
blood glucose levels after 4 days of treatment, indicating that it facilitat-
ed glucose uptake in an animal model of obesity [25]. However, PBA
had no effect on blood glucose in other models of diabetes such as
alloxan-induced diabetic mice or the Goto-Kakizaki rat [31].
PBA has been described as a chemical chaperone that can alleviate
ER stress [25] and has been shown to inhibit adipogenesis at high
concentrations [2]. In line with these results, we see a decrease
in PPARγ and adiponectin when adipocytes are treated with PBA
(Figs. 5A & 7A). Consistent with inhibition of adipogenesis, there is
a dose dependent reduction in triglyceride levels when adipocytes are
treated with PBA during days 0–2 of maturation (Fig. 5B–C). The UPR
was also reduced by PBA as noted by the decrease in calreticulin and
p-eIF2α (Fig. 7A), but surprisingly CHOP levels increased with PBA
treatment in a dose-dependent manner. Increased CHOP levels in ER
stress are frequently associated with the induction of apoptosis as a
terminal response to stress [24]. We observed an increase in cleaved
caspase 3 with 5 mM PBA treatment, suggesting that this concentration
actually induces ER stress rather than relieve it after 8 days in culture.
While we see increased CHOP in untreated 30 mM glucose adipocytes
there is no activation of cleaved caspase 3. Han et al. recently demonstrat-
ed that the levels of CHOP are important in determining cell fate as very
high CHOP levels can lead to large increases in protein synthesis and ox-
idative stress, ultimately culminating in cell death [15]. Recent work also
suggests that increased CHOP levels may have other metabolism-related
roles in the cell. CHOP has recently been shown to be involved in binding
topromoter regions involved in suppressionof lipogenic genes in the liver
[6]. Overall, it appears that the levels of CHOP induced in response to
stress ultimately determine the cellular response.
In conclusion, we have shown that there are important differences in
themitochondrial bioenergetics of adipocytes matured in normal or high
glucose and insulin. In order to study adipocyte dysfunction it is essential
to ﬁrst establish a healthy control system. Both normal and high glucose
adipocytes proceed through adipogenesis by activation of the UPR but
only in high glucose is this accompanied by increased protein succination
and CHOP production. It will be interesting to determine if the increase
in succination contributes to the increase in CHOP through the direct
accumulation of misfolded, succinated proteins. While PBA relieved
mitochondrial stress and reduced protein succination it was associated
with reduced mitochondrial protein content and increased levels of
CHOP in the adipocyte. Further studies will be necessary to determine
the precise mechanism of action of this compound.
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